The purpose of the study was to compare two research designs, namely the cross-sectional design and the longitudinal design, in the context of upper extremity performance and age-related changes. Upper extremity performance of 360 randomly recruited, healthy, community-dwelling elderly persons was evaluated with reliable and valid sensorimotor tests. Three years later, survivors (n = 264) were reevaluated with the same tests. In many tests, cross-sectional and longitudinal designs were comparable for estimating the changes in upper extremity performance with age. However, in some tests, the decline with age using a cross-sectional design was underestimated. The upper extremity performance decline observed with the longitudinal design was larger than the decline predicted with the cross-sectional design. The withdrawal and survivor biases related to the longitudinal design and the cohort bias associated with the cross-sectional design may, in part, explain these results.
I
N the study of age-related changes, two major research designs may be used: the cross-sectional design and the longitudinal design. Both designs have particular advantages and disadvantages. Even though the cross-sectional design is less expensive and frequently used in the development of normative data, this design may have an important limitation in the study of aging. This limitation is the cohort bias in that people born at the beginning of the century have not experienced the same events nor under the same conditions as younger people, which may influence their performance.
In addition to being longer and more expensive, the study of aging with a longitudinal design presents other possible biases related to withdrawal (refusals) and to survival (deaths or ineligibility factors). The bias associated with withdrawal was studied by Hubert et al. (1) with 500 subjects aged 75 years and older, followed on a 3-year period. Men had more tendency to drop out, but no healthrelated variables were associated with withdrawal from the study. Mihelic and Crimmins (2) found that withdrawal (nonresponse) was associated, among other variables, with age (older people), living situation (alone), and functional impairments (more), but not with gender. The survival bias was more serious because people who died during a study were those whose health was more affected (3) (4) (5) .
Upper extremity performance is an important prerequisite to functional independence in older people (6) (7) (8) (9) . With the aging of the population, more and more people may have a decline in upper extremity performance secondary to age-related sensorimotor deficits. Therefore, sensorimotor parameters related to good upper extremity performance, such as gross and fine dexterity, motor coordination, global performance, grip strength and sensibilities, are often measured in clinical settings to monitor their evolution. Reference values or normative data are frequently used by clinicians to compare the performance of their patients to that of a normal population. These data are important in gerontology because it is important to differentiate between the difficulties attributable to normal aging and those attributable to pathologic aging.
The objective of the present study was to compare crosssectional and longitudinal designs in the context of upper extremity performance changes with age. The methodologic relevance of the study is based on the appropriateness of the cross-sectional design for studying age-related changes. The clinical relevance of the study is based on the durability of the normative data developed with a crosssectional design. If the performance decline predicted by the cross-sectional design is equivalent to the decline observed with the longitudinal design, normative data may be applied to successive cohorts. If not, they should be regularly revised.
METHODS

Subjects
During 1992-1993, a random sample of 360 subjects (179 women and 181 men), aged 60 and older (mean, 73.9; SD, 8.0), and living at home was drawn from the electoral list of the city of Sherbrooke, Quebec, Canada. The purpose of this cross-sectional study was to develop reference values for many upper sensorimotor parameters (10) . The eligibility criteria were lucidity (clinical judgment), independence in activities of daily living (eating, washing, dressing, grooming, and toiletting), and absence of upper extremity impairments (neurologic or orthopedic). The participation rate in this study was 78% and statistical analyses revealed no difference between those who refused to participate and those who accepted in terms of age, gender, height, weight, dominance, self-perceived health, and current activity level (11).
B362
Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/53A/5/B362/588231 by guest on 07 May 2018
Three years later (1995) (1996) , the same subjects were recontacted to replicate the study. The same eligibility criteria were applied and subjects who no longer satisfied these criteria were excluded. As in the cross-sectional study, people who refused to participate, although eligible, were asked to reply to a short telephone questionnaire in order to estimate the refusal bias.
Procedure
The same evaluation procedure was followed for the two measurement periods. To avoid an information bias in the second measurement, data from the first assessment were not available to the examiner. For both measurements, each subject was evaluated once at the Upper Limb Function Measurement Laboratory at the Centre de Recherche en Ge'rontologie et G6riatrie or at their home under the same conditions, but not by the same examiner who took the first measurement. The duration of each measurement varied between VA and 2 hours, depending on the subject, including a rest. This study was submitted to and accepted by the Research Ethics Committee of the Sherbrooke Geriatric University Institute.
Anthropometric data were first collected, followed by a structured interview in order to quantify personal characteristics potentially related to upper extremity performance: age, living situation (living alone, living with somebody else, living in a senior's residence), self-perceived health status, and activity level. Regarding self-perceived health status, the subject was asked: "Compared to other people your age, how would you describe your present health? Excellent, good, fair, or poor." Activity level was evaluated using questions regarding the frequency of physical activities. Based on this information, the evaluator estimated the level of activity on a global scale: very active, active, slightly active, or sedentary. Subsequently, upper extremity tests were administered.
Measurement Instruments
Many tests were chosen in order to reflect upper extremity function. These tests are all reliable and valid. Gross manual dexterity was measured with the Box and Block Test (12) (13) (14) whereas fine manual dexterity was measured with the Purdue Pegboard (15) (16) (17) . Global upper extremity performance was estimated with the TEMPA (Test Evaluant la performance des Membres superieurs des Personnes Ag6es) (18) (19) (20) .
Upper extremity motor coordination was estimated with the Finger-Nose Test (21) (22) (23) . Grip strength was measured with two apparatuses: the Jamar dynamometer (11, 24) and the Martin vigorimeter (25,26). The Jamar dynamometer was set at the second position and the large bulb of the Martin vigorimeter was selected for all subjects.
Tactile recognition was estimated with the Pick-Up Test (27) , modified by Dellon (28, 29) . Static and moving twopoint discriminations were measured on the palmar face of the distal phalanx of the index and little finger of both hands, using the Mackinnon-Dellon disk-criminator (30) . Touch/pressure thresholds (31) were estimated at the distal phalanx of the index of the dominant hand using the Semmes-Weinstein monofilaments (32) . Finally, the same filaments were used for the tactile localization test (33) .
Statistical Analyses
To simplify the results presentation, the terms time 1 and time 2 will be used respectively for the first evaluation in 1992-1993 and the second in 1995-1996. t test and chisquare analyses were used to compare, at time 1, personal characteristics and upper extremity performance of subjects who did not participate in the second measurement with those who participated in both measurements. The same statistical tests were used to verify if those who refused to participate were comparable in personal characteristics, at time 2, to those who agreed. Paired t tests were used to verify if the changes between time 1 and time 2 were significant.
The main analysis of this study focused on comparing upper extremity changes predicted with the cross-sectional design (predicted difference: PREDDIF) to changes observed by the longitudinal design (observed difference: OBSDIF). The observed difference is defined by the observed score at time 1 minus the observed score at time 2. The predicted difference is calculated by subtracting the predicted score at time 2 from the score at time 1. The predicted score at time 2 was estimated using simple linear regression analyses developed with time 1 data (cross-sectional design), where age was the independent variable and the upper extremity test score was the dependent variable. In some tests, a high score indicates a low performance whereas in others, the scoring system is reversed. Consequently, in order to facilitate the data interpretation, the predicted and observed differences were standardized so that positive numbers represent a decline.
For each upper extremity test, a t score was attributed to each subject. These t scores were defined by (OBSDIF-PREDDIF) where S pre d is the standard deviation of the predicted score model. A t test was then used to check if, on average, these t scores were null. If the longitudinal and cross-sectional designs described the aging effect in the same way, then the observed difference from the longitudinal design and the predicted difference from the cross-sectional design should be equivalent. In order to confirm the null hypothesis that no difference was observed between the observed upper extremity performance decline (longitudinal design) and the predicted decline (cross-sectional design), the differences should be near 0. To take into account the high number of statistical analyses done, the level of p < .01 was retained.
RESULTS
Of the original 360 subjects in the cross-sectional study, 264 (128 women and 136 men) with a mean age of 75.0 (SD = 7.4) participated in the second measurement. Therefore, 96 subjects were not reevaluated: 26 had died, 15 were not located, 29 refused, and 26 were no longer eligible because of the development of impairment.
When characteristics at time 1 of the 96 drop-out subjects were compared to those who participated, drop-outs were older (p < .001), had a lower body mass index (p = .006), perceived themselves in poorer health (p = .001), were less active (p = .001), and were more likely to live in a senior's B364 DESROSIERS ETAL.
residence (p = .04). From the phone questionnaire at time 2, the subjects who refused to participate in the second measurement (n = 29) were older (p = .01), perceived themselves in poorer health (p < .01), and were less active {p < .001) than those who participated. In addition, the subjects who participated in both measurements showed, at time 1, significantly higher performance on all upper extremity tests (p < .01) than those who participated in only one measurement, with the exception of the tactile localization of the left index (p = . 14). Table 1 presents the results related to the objective of the study. For each test, when significant differences were found between the upper extremity performance of the women and the men, the results are presented by gender. If not, they were combined. The first two columns of the table report upper extremity scores obtained at the time 1 measurement (1992-1993) and at the time 2 measurement (1995) (1996) . The third column shows the result of the difference between the two measurements (time 1 minus time 2), which corre- Note, p < .01, cross-sectional design differs significantly from the longitudinal design in estimating the age-associated decline. If the difference is positive, the cross-sectional design underestimates the decline. If negative, the cross-sectional design overestimates the decline,
•mean (SD).
sponds to the observed difference (OBSDIF). These differences are all positive and statistically significant, indicating a reduction in performance in three years, with two exceptions. In one task of the TEMPA (pick up and move a jar), the differences between the two measurements were positive but not statistically significant. The second exception refers to the two-point discrimination of both indexes where the differences are negative, indicating a tendency to obtain a better score at the second measurement. However, these negative differences were not significant (p = .08 and .40, depending on the hand). The fourth column of the table presents the predicted scores at time 2, derived from simple regression analyses carried out with the data at time 1 (n = 360). The fifth column is the result of subtracting the predicted score at time 2 from the observed score at time 1 and corresponds to the predicted difference (PREDDIF). Finally, the last two columns of the table refer to the analyses related to the study objective. A positive difference would indicate that the cross-sectional design tends to underestimate the decline between the two measurements, whereas a negative difference would imply that the cross-sectional design tends to overestimate the decline between the measures. A p value greater than .01 indicates that the cross-sectional and longitudinal designs are equivalent in estimating age-related upper extremity performance changes. More often than not, the two designs are statistically equivalent, but in many cases (gross dexterity, some global upper extremity tasks, motor coordination for the women, the majority of the two-point discrimination tests, and tactile localization), the cross-sectional design significantly underestimates the decline with age. The cross-sectional design significantly overestimates the changes in only one instance, the two-point discrimination of the two indexes.
These results are based on the use of the predictive equations developed at time 1 with all the participants, including those who did not participate in the second measurement. In order to eliminate the impact of the nonparticipants and thus control the potential survival and withdrawal biases, all predictive equations were recalculated using only the time 1 data of the subjects who participated in both measurements (n = 264). The same statistical analyses as described in Methods were carried out. As expected, the predicted declines with these new equations were all less than the predicted declines found with the initial predictive equations. Consequently, the differences between the observed decline and the predicted decline with the new equations were all larger than the differences shown in Table 1 . The p values were usually smaller, which may change the interpretation but not the direction of the conclusion. With the new predictive equations, the cross-sectional design might underestimate the decline even more than the initial equations. Indeed, in some tests, like the Purdue Pegboard and some tasks of the TEMPA, the differences that were not significant between the two designs using the initial predictive equations became significant with the new equations. The overestimation of the decline by the cross-sectional design in the two-point discrimination tests did not change.
DISCUSSION
The objective of this research was to compare crosssectional and longitudinal designs in the study of upper extremity performance changes with age. The relevance of the study is based on the durability of reference values developed with a cross-sectional design and on the value of this design for studying age-related changes. Survivors of a sample of 360 subjects measured in a cross-sectional study designed to develop reference values were reevaluated 3 years later. The annual loss of about 9% of the subjects initially evaluated was equivalent to that observed by Milne and Maule (34) and Bassey and Harries (35) (8.4%) .
Subjects who did not participate in the time 2 measurement were not comparable, at time 1, to subjects who participated in both measurements on some variables potentially related to upper extremity function (age, body mass index, living situation, self-perceived health, and activity level). In addition, subjects who participated in both measurements obtained higher upper extremity scores, at time 1, than those who participated only in the first measure. All these differences indicate the presence of withdrawal and survival biases. A refusal bias was also found at time 2: subjects who refused to participate were older, perceived themselves to be in poorer health, and were less active than those who participated. Therefore, theoretically, we could have expected to obtain higher scores at time 2 than those that might have been obtained without these biases. Consequently, we could have expected to obtain an overestimation of the performance decline with age with the cross-sectional design when compared to the longitudinal design. However, this was not found. Indeed, the present study showed that the declines predicted by the cross-sectional design were either equivalent to or lower than the declines observed in the longitudinal design. One can argue that our criterion for significance was strict (p < .01); but with a liberal alpha (p < .05), the conclusion would have been the same. Although the survivors were younger, healthier, and. more active, their observed sensorimotor upper extremity decline was either comparable to or higher than the predicted decline. This implies that the withdrawal and survival biases associated with the longitudinal design may be counterbalanced by another factor, possibly the cohort bias associated with the cross-sectional design. A cohort bias may be present when we compare the performance of people of different ages (different cohorts) without considering that the performance of these cohorts, at the same age, may be different. Figure 1 illustrates this bias and may explain the underestimation of the decline by the cross-sectional design in some tests. We can postulate that people born in 1900 had better upper extremity function than those born, for example, in 1920, because of differences in their habitual activities and manual tasks. People of the cohort of 1900 were more involved in agricultural activities, which required greater use of upper extremities. When we followed these two cohorts with a longitudinal design, a similar linear decline with age was observed. However, the performance of the two cohorts were not equivalent at the beginning, so the comparison of the performance of a 60-year-old person and an 80-year-old person using a crosssectional design (illustrated in Figure 1 by a dark line) resulted in a smaller linear decline with age than the one observed with the longitudinal design. 80 Age (years) Figure 1 . Illustration of the cohort bias. These data are illustrative. This figure shows how a cross-sectional design can underestimate the decline in performance seen with the longitudinal design. This will occur if the older cohort has higher performance across the age range than the younger cohort.
The weakness of the cross-sectional design in predicting upper extremity changes with age may be greater than that suggested by the present study. Indeed, this design may underestimate the decline even more than this study demonstrates, because when the data of the nonparticipants in the second measurement were removed from the predictive equations, the differences between the two designs were greater. Therefore, the predicted decline is less than the observed decline, which is also less than the real decline.
Few previous studies have compared the cross-sectional and longitudinal designs in estimating upper extremity sensorimotor changes with age. Only three studies were found, all exclusively related to grip strength. In the present study, the two designs were found to be equivalent in estimating age-related grip strength changes. Only the results of the cross-sectional and longitudinal analyses in grip strength by the study of Kallman et al. (36) carried out exclusively with male subjects aged 20 to 100 years agree with our study: the same decline was observed with the two designs. These researchers therefore reject cohort differences as responsible for the grip strength decline with age found with the cross-sectional design.
In their study carried out with 920 randomly recruited subjects aged 65 and older, Bassey and Harries (35) concluded that a cross-sectional design tends to underestimate the real decline in grip strength. Indeed, a decline of 2% per year was found with the first evaluation (cross-sectional design), whereas 4 years later, a second grip strength measure of the 620 survivors indicated a loss of 3% per year for the men and nearly 5% for the women between the two measurements, despite younger, more active, and healthier survivors. Another longitudinal study carried out with 487 randomly recruited healthy elderly subjects obtained opposite results (34) . In spite of a grip strength reduction with increasing age, as observed in two cross-sectional examinations carried out with an interval of 5 years, the comparison of the grip strength of the survivors (n = 261) measured over 5 years did not show a statistically significant reduction with age. Therefore, a cross-sectional design would tend to overestimate grip strength decline. Milne and Maule (34) attributed these results to the large standard deviation and to cohort differences (secular trend towards greater mean grip strength).
The intervals of 5 and 4 years, respectively, between the measurements of the Milne and Maule (34) and the Bassey and Harries (35) studies were longer than the interval of the present study, but this interval difference should not be responsible for the difference in results. In the present study, the decision to reevaluate the subjects 3 years and not 4 or 5 years later as reported in literature was based on the expected death, withdrawal, and disability rates, particularly for subjects who are very old, and on the initial sample size, which was limited.
The general equivalence between the decline predicted by a cross-sectional design and that observed by a longitudinal design has an important clinical implication on the validity of grip strength normative data. However, this equivalence between the two designs was not found for all parameters. Indeed, data on some upper extremity sensorimotor parameters imply that normative data may not be long-lasting. Indeed, it was found that the cross-sectional design underestimated the decline of some upper extremity parameters.
These results are valid in tests where older cohorts may present higher performance than younger cohorts, at the same age. With the reverse situation, where younger cohorts have better initial performance, such as in some neuropsychologic tests, the cross-sectional design may overestimate changes in performance with age (37).
Conclusion
The cross-sectional design is frequently used to study age-related changes. For example, normative data are always developed with this design because it is more convenient and more economical. However, the question is whether these data may be used for many years without losing their validity. The present study tried to answer this question by comparing the decline in upper extremity sensorimotor parameters predicted by a cross-sectional design with that observed with a longitudinal design. The conclusion drawn from the results is that for most of the tests, the two designs are comparable in the estimation of changes of upper extremity performance with age, despite the presence of particular biases related to each of these designs. However, in many upper extremity parameters, probably those more influenced by the cohort effect, a cross-sectional design underestimates the changes with age when compared to the changes found with a longitudinal design.
